REPORT 1369

BLOWING-TYPE BOUNDARY-LAYER CONTROL AS APPLIED TO THE TRAILING-EDGE FLAPS
OF A 35° SWEPT-WING AIRPLANE!

By Marx W. KEeLLY, Sere B. ANDERSON, and RoserT C. INNIS

SUMMARY

A wind-tunnel investigation was made to determine the
effects on the aerodynamic characteristics of a 36° swept-wing
airplane of applying blowing-type boundary-layer control to
the trailing-edge flaps. Flight tests of a similar airplane were
then conducted to determine the effects of boundary-layer control
on the handling qualities and operation of the airplane, par-
ticularly during landing and take-off.

The wind-tunnel and flight tests indicated that blowing over
the flaps produced large increases in flap Lift increment, and
significant increases in maximum lLft. The use of blowing
permitted reductions in the landing approach speeds of as
much as 12 knots.

INTRODUCTION

Numerous investigations have demonstrated that it is
possible to significantly increase the lift of a wing by ejecting
a high-velocity jet of air over the upper surface of a trailing-
edge flap (e. g., refs. 1 and 2). These investigations have
also indicated that the flow required to develop these lifts
was so large that a powerful (and heavy) pumping system
was required, and this deterred application of this system
to actual aircraft. The introduction of the turbojet engine,
which provided a convenient source of high-pressure air,
and the trend of high-speed wing design to configurations
having poor low-speed capabilities caused a renewal of
interest in this method of obtaining high lift. The investi-
gation reported in reference 3 indicated that the momentum
of the jet, rather than the quantity flow, was the parameter
which determined the effectiveness of blowing boundary-
layer control, and that significant reductions in flow quantity
requiremerts could be obtained by using highpressure air
(i. e., high jet velocities). It was also pointed out in reference
3 that sufficient amounts of high-pressure air to satisfy the
requirements of a blowing flap could be bled from the
compressor of a turbojet engine. However, the thrust of a
turbojet engine diminishes rapidly as the amount of bleed
air is increased; it was therefore considered desirable to
investigate the possibilities of reducing the flow require-
ments by careful design of the flap and nozzle itself, so that
the desired lift would be obtained for a minimum expendi-
ture of jet momentum.

The primary purpose of the fullscale wind-tunnel tests
reported herein was to investigate a blowing flap configura-
tion which preliminary small-scale tests had indicated should

require less jet momentum to prevent flow separation than
the arrangements previously investigated. Also, since the
justification for presenting blowing flap effectiveness in terms
of jet momentum was largely empirical, it was desired to
verify this concept over the range of pressure ratios obtain-
able from current turbojet engines. TFinally, it was desired
to obtain sufficient data to design & blowing flap system into
a research airplane for further study in flight.

The main purposes for conducting the flight tests were to
investigate (1) the manner in which the pilots used the lift
gains provided by the blowing flaps, and (2) the effects of
boundary-layer control on the flying qualities and operation
of the airplane.

This report presents results of both the wind-tunnel and
flight- investigations. Six-component force dats showing
the effects of blowing boundary-layer control on the longi-
tudinal and lateral stability and control characteristics are
discussed. Also presented are pilots’ opinions of the effects
of boundary-layer control on the handling qualities and
operation of the airplane. Finally, the results of computa-
tions showing the effects of boundary-layer control on the
landing and take-off performance are presented.

NOTATION
a velocity of sound, ft/sec
A area, sq ft
b wing span, ft :
¢ wing chord parallel to plane of symmetry, ft
o2
[ mean aerodynamic chord, 2 f Ay
(1}
. drag
Co drag cogfﬁclent, ©
Cr Lift coefficient, ];%,
AC, inerement of lift coefficient due to flaps
Cre meaximum lift coefficient
Ca pitching-moment coefficient, pitching moment
qSt
) . w
Cq flow coefficient, P 7S]
Cu momentum coefficient, Iz—é,gV,
0"21 rate of change of lift coefficient with flap deflection

for full wing-chord flap (given as OLal in ref. 5)

! Summar{zes NACA Research Memorandums A 55109 by Alark W. Kelly and William H. Telburst, Jr., and A56G30 by Seth B, Anderson, Hervey C. Quigloy, and Robert O. Innis.
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distance from engine thrust line to moment center,
positive when thrust line is above moment
center, ft

gross thrust from engine, 1b

net thrust from engine, 1b

acceleration of gravity, ft/sec?

nozzle height, in.

jet Mach number, —Tgl

engine speed, rpm

free-stream static pressure, lb/sq ft

total pressure in flap duct, Ib/sq ft
compressor discharge total pressure, lb/sq 1t

duct pressure coefficient, Z’——

dynamic pressure, 1b/sq ft

wing area, sq ft

temperature, °R

free-stream velocity, ft/sec

indicated airspeed, knots

jet velocity assuming isentropic expansion,

ﬁ
‘/%_% RT, [1——(%) ! ], ft/sec
velocity at stall, knots
velocity at stall in glide condition, knots

bleed air flow, lb/sec

specific welghf, of air at free-stream condltlons
Ib/cu ft

distance along airfoil chord normal to wing quarter-
chord line, in.

spanwise dlstance perpendicular to plane of sym-

metry, ft

height in inches above wing reference plane defined
by quarter-chord line and the chord of the wing
section at 0.6635/2

sweep angle, deg

angle of attack of fuselage reference line, deg

ratio of total pressure at compressor inlet to stand-
ard pressure at sea level

flap deflection, measured normal to flap hinge line
(given as § in ref. 5), deg

flap deflection, measured in plane parallel to plane
of symmetry (given as § in ref. 5), deg

horizontal-tail deflection, deg

angle between engine thrust axis and fuselage
reference line, deg

ratio of specific heats for air, 1.4

ratio of total temperature at compressor inlet to
standard temperature at sea level

angular distance between flap nozzle and a line

drawn through the flap hinge line perpendicular

to the wing chord plane (fig. 18)

SUBSCRIPTS

flap duct
flaps

flap jeb
uncorrected

DESCRIPTION OF RESEARCH AIRPLANES, INSTRUMENTA-
TION, AND TESTS

WIND-TUNNEL AIRPLANE AND INSTRUMENTATION

Airplane.—The wind-tunnel tests were conducted on a
F-86D airplane on which the normal single-slotted flaps
had been replaced by blowing flaps. A photograph showing
the general arrangement of the airplane installed in the
Ames 40- by 80-foot wind tunnel is presented in figure 1.
The major dimensions and parameters of aerodynamic
importance are shown in figure 2. The airfoil section at
the wing root was an NACA 0012-64 (modified) and at the
wing tip, an NACA 0011-64 (modified). The ordinates of
the airfoil sections are given in table I. Detailed informa-
tion for the wing and flaps is given in figure 3. Static-
pressure orifices were installed in the afterportion of the flap
upper surface so that the degree of flow separation could be
estimated.

Flap nozzles—Two flap and nozzle configurations were
tested in the wind-tunnel investigation. The first of these
was a plain flap arrangement in which the nozzle was essen-
tially a slit in the flap upper surface extending over the full
span of the flap. A section view of the nozzle is shown in
figure 3. The nozzle blocks were machined from cold-
rolled mild-steel stock and were fastened to the top wall of
the flap duct with countersunk machine screws. Various
nozzle heights were obtained by shimming the forward
nozzle block. This assembly was made rigid enough to
hold the nozzle deflections, under load, to acceptable values

A=197 1%

FIGUBE 1.—Photograph of the F-86D airplane mounted in the Ames
40- by 80-foot wind tunnel.
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Wing
Sweep (I/4 chordline)  35,00°
Aspect ratio 479
Taper ratio 51
Twist 2.0:
Dihedral 3.0
Area 2879 sq ft
Incidence (roof) 1.0° /
Honzontal fail
Sweep 35,00°
Aspect raho 473
Taoper ratio .45
Twist o°
Dihedral o°
Area 46,5 sqft

All dimensions in feet
unless othervise noted

Fuseloge r/eference line 979 .

/ /_\ /

7/

-
a7
R ——m———ri

39,34

n

T1gurn 2.—General arrangement of the F-86D airplane.

without the use of fasteners or spacers in the high-velocity
portion of the nozzle. Tor part of the investigation, spacers
were simulated by cementing small rectangular pieces of
gasket material at regular intervals in the nozzle.

In order to investigate the effects of chordwise location of
the nozzle on the effectiveness of the flap, the flap duct
was constructed so that it could be rotated about the flap
hinge line independently of the flap itself. For most of the
investigation the nozzle was located at an angular setting
(o) equal to one-half the flap deflection.

The second flap and nozzle arrangement investigated had
o single-slotted flap and a nozzle located in the wing shroud
ahead of the flap similar to the configuration investigated
in reference 3. Details of this flap and nozzle are shown in

Sta. .
o All dimeansions in inches

Qseloge

T\ outline
rSta.
,.’ 54.1

< 50

~ 16.4 {constont chord)

Constonr-L—‘
chord

Fuselage
center line

Cenler of—ﬁx -
flop rototion X

Section A-A

Figure 3.—Details of wing and plain blowing flap.
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Fieure 4.—Details of shroud blowing flap.

figure 4.
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Engine and ducting.—For these tests the J—47 turbojet.

engine normally used in this airplane was replaced by a J-34
engine. (This was done only because spare J—47 engines
were not available.) The amount of air delivered to the
flaps was controlled by a butterfiy valve in each duct.

The weight rate of flow to each flap was determined from
total pressure, static pressure, and temperature measure-
ments in the ducts. This system was calibrated using a
thin plate orifice. The total-pressure and temperature
measurements used for calculating the jet momentum were
taken at the entrance of the flap duet. Static-pressure
and temperature measurements were also made at the
outboard end of the flap duct to obtain an estimate of the
spanwise variation of the jet momentum. _

TESTS

Range of variables.—The investigation covered a range of
angles of attack from —2° to +23° and Reynolds numbers
from 5.8 to 10.1X10% These Reynolds numbers were
based on the mean aerodynamic chord of the airplane
(8.08 ft) and correspond to free-stream dynamic pressures
from 15 to 55 pounds per square foot. The range of flap
deflections investigated was from 45° to 85°. The airplane
was tested with and without the horizontal tail, and with
and without the leading-edge slats extended.

Method of testing.—To define completely the aerodynamic
characteristics of the airplane as a function of flap jet
momentum, it would have been necessary to obtain data for
various jet momentum flows throughout the angle-of-attack
range. However, in order to expedite the tests, the
momentum flow was varied at only three angles of attack,
0°, 8° and 12°. (The angle of attack for maximum lift
with leading-edge slats retracted was near 12°.) The addi-
tional information required to obtain typical lift, drag, and
pitching-moment data for the airplane was obtained by
testing at several other angles of attack with a comstant
jet momentum well above that required for flow attachment.

CORRECTIONS
The force data obtained from the wind-tunnel balance
system were not corrected for support-strut interference

but were corrected for the effects of the wind-tunnel-wall
interference as follows:

a=au+0.6110Lu
0D= ODu+0'0107OLu2
Ca=Cn,1+0.00691C; (for tail-on tests only)

The following corrections for the effects of the engine
thrust were made:

total lift Fy

0L=——gS_—-q—S SiIl (a—l— e)

total drag , Fy

Cp oS ] 2S cos (ate) 7

c _ total moment , Fid
n— QSE i QSE

FLIGHT TEST AIRPLANE

The flight tests were conducted with an F-86F airplane
on which the standard single-slotted flaps were replaced by
blowing flaps. Pertinent dimensions of the airplane are
given in table II. A general view of the airplane and a
close-up of the flap are presented in figures 5 and 6, re-
spectively. The blowing system consisted of a manifold
to collect air from the last stage of the engine compressor
of the J—-47 engine, a butterfly valve controlled by the pilot,
and a 3-inch-diameter ducting to each flap. The ducting
was mounted on the underside of the fusealge to facilitate
installation.

The flap used for the blowing system was a plain type
made by reworking the nose section of the slotted flaps
normally used on the airplane. The flap tracks were re-
moved and external hinge brackets were installed on the
undersurface of the wing, allowing flap deflections up to 66°.
A rotating O-ring-type seal was used to supply air to the flap
at a point on the center of flap rotation. A sketch of the

. '\

A=205(3,i ™

Fraure 6.—Close-up of flap.



35° BWEPT-WING AIRPLANE WITH BLOWING-TYPE BOUNDARY-LAYER CONTROL ON THE TRAILING-EDGE FLAPS

Center of flap-"
rotaotion

I'rgunge 7.—Details of blowing flap construction for flight airplane.
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Traure 8.—Illustration of analysis for selecting proper nozzle size for
blowing flap.

flap cross section is given in figure 7. All parts of the air-
supply system were made of steel. The nozzle block was
made in two parts, the lower part of steel welded to the 3-
inch-diameter tubing, the upper part forming the nozzle exit
of 2024~T aluminum, fastened by screws to the steel nozzle
block. Spacers were used at 3-inch-span intervals to pro-
vide a 0.020-inch nozzle gap. The area of the nozzle was
0.0221 square feet.

It should be noted that the nozzle area was not selected
arbitrarily, but was carefully chosen to meet the flow require-
ments of the blowing flaps and the limitations of bleed air
from the engine. Figure 8 indicates graphically how this
gelection was made. First, the weight rate of flow available
from the engine bleed air system was plotted as a function of
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pressure ratio for various engine speeds. These are the

dashed lines in figure 8. Curves representing the jet mo-
mentum required to give the desired flap lift were then super-
imposed on this same plot. These are the hyperbolic-shaped
solid curves in figure 8 and were obtained from the equation

CugeS
M,(aj/auw'yRTd

The value of C. used was 0.012, which the wind-tunnel
investigation indicated to be about 14 percent above that
required to prevent flow separation with the flap deflected
60°. The values of dynamic pressure used correspond to
flight speeds of 100 to 140 knots, the range of interest in the
landing approach. Finally, the weight rate of flow which
can be driven through nozzles of various size was computed
and is shown in figure 8 by the long dash lines. These were
developed from the equation.

() (2

where p/ps=0.684 and afa;=0.913 for air flow in choked
nozzles.

It is seen from figure 8 that, to have the flap fully effective
for landing approach conditions (say 70- to 80-percent rpm
and 100 to 120 knots) a nozzle height of 0.02 to 0.03 inch
should be used. For a nozzle height of 0.02 inch, a loss of
maximum thrust of between 5 and 6 percent due to bleeding
air from the engine would be anticipated.

The weight of the boundary-layer-control equipment for
this research-type installation was 175 pounds. In a
production-type installation & considerable savings in weight
should be possible.

The amount of engine bleed air actually used at various
engine speeds is presented in figure 9. These values of
bleed air correspond to approximately 3.5 percent of the
primary engine air flow. The bleed flow quantity was calcu-

5

n

\
A\
X

Corrected bleed air flow, #./8/8 Ib/sec
w
X

% 50 0 70 80 50 100

Corrected engine speed, A/+/ 8 parcent

Ficure 9.—Variation of engine bleed with engine speed; sea level, J—47
engine.
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lated from one-dimensional flow equations using measured
values of pressure, temperature, and nozzle area. The
variation of static thrust (measured on a thrust stand) with
percent engine speed is presented in figure 10 with and

5000

o Blowing off
0 Blowing on

g

Stahc thrust,1b

:

1000 /E%

o=

040 50 60 70 80 90 100
Corrected engine speed, N/./F, percent

Fiaure 10.—Variation of static thrust with engine speed for blowing
on and off; sea level, J-47 engine.
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38 /
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O

5

Pressure ratio,

7ZCriticol pressure ratio

/]

14 /

40 50 60 70 80 90 100
Corrected engine speed, A/ +/ 8 percent

Freure 11.—Variation of pressure ratio at engine bleed ports with
engine speed; J-47 engine.
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All dimensions in feet
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15°
i 67 1.06

Normal secfion showing slot open and closed
Slot extent: 24-2- to 96%

. 67 — 1.08

6-3 section showing slat open ond closed.
b
lat : —_
Slat extent .242 to 96-%

F1aure 12.—Cross sections normal to wing leading edge of the normal
slat and the 6-3 slat. .

without bleed air extraction. It can be noted that for the
blowing-on case there was a reduction in static thrust of
approximately 5 percent. The variation of pressure ratio
with percent engine speed is presented in figure 11. It will
be noted that sonic flow would occur in the nozzle exit at
approximately 63-percent rpm.

Standard NACA instruments were used to record airspeed,
altitude, acceleration, duct pressures, and angle of attack.
Values of airspeed, altitude, and angle of attack were
measured approximately 8 feet ahead of the fuselage nose.
Duct pressures in the fiaps were measured at the midspan
station of the flaps.

The flight tests were conducted with two wing leading-
edge configurations, an F-86D type slat, and a 6-3 slat.?
A sketch of the cross section of each leading-edge device is
shown in figure 12. The majority of data obtained in the
flight investigation was with the 6-3 slat, since this is the
leading edge currently used with ¥-86F type airplanes.

Tests were conducted at sea level and 5,000 feet over a
speed range from 170 knots to the stall. An average wing
loading of 45.5 pounds per square foot was used with the
take-off center of gravity at 24.1 and 26.6-percent mean
aerodynamic chord for the airplane with the F-86D slatted
leading edge and 6-3 leading edge, respectively. The engine
rpm was held fixed for a given series of test runs. Tests
were conducted at trailing-edge ﬂap deflections of 38°, 45°,
55°, 60°, and 66°.

RESULTS AND DISCUSSION
WIND-TUNNEL TEST3
Correlation of blowing-flap performance with momen-
tum coefficient.—One of the first objectives of the test pro-
grams was to establish whether the effectiveness of a partic-

2 The designation “6-3" refers to a full-span chord extension of 8 inches at tho wing root
and 3 fnches at the wing tip,
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ular blowing-flap configuration was determined solely by the
momentum of the air ejected over the flap. This was done
by making a series of tests on the same basie flap configura-
tion with various nozzle openings. Typical results of these
tests are presented in figure 13 (a). It should be noted that,
although the nozzle opening was changed from a value of
0.016 inch to 0.065 inch (corresponding to values of ks/c from
0.00017 to 0.00067), good correlation with momentum co-
efficient is obtained. The data presented in figure 13 (a)
cover a range of nozzle pressure ratios from subcritical up
to 2.9, and therefore a range of expanded jet velocities from
subsonic to supersonic. It should be neted that no particular
aerodynamic difficulties or benefits are associated with either
subsonic or supersonic jet velocities. Corresponding varia-
tions of lift coefficient with flow coefficient and duct pressure
coefficient are shown in figures 13 (b) and 13 (c), respectively.
Here it is seen that the effects of nozzle height are significant,
and that values of flow coefficient or pressure coefficient have
meaning only when the nozzle height is specified. While

1.2
L T
1.0 M—w‘ﬁz’ ool
which
Symbol /s nozzle
G .8
o 065" .026
6 o .040" 017
(a) © 030" .0i5
a s 018" .0086
'40 004 008 012 06 020 024 028 .032 .03

Ce

(2) Variation of lift coefficient with momentum coefficient.

1.2

10 /M:WP?

i ’

G .8 e .Symbol A
/A Q//O‘ o .065::
6 g e o 040 —
—— o 030"

(b) a .oI8"
'40 0002 0004 0006 .0008 .0010 0012 .0014 0Q0I6 00I8

~

(b) Variation of lift coefficient with flow coefficient.

1.2
O
| 0" Y .
o ff;ﬁﬁfﬁ
G 8 & A
: i// Symbol A,
/A o .065"
6 o 040" —
© o .030"
a 016"
'40 20 40 60 80 100 . 120 140 160 180
Z

(¢) Variation of lift coefficient with duct pressure coefficient.

Fraure 13.—Effect of nozzle height on the flow requirements of the
blowing flap; 8;=00°, a.==0°, R=7.5X 109, tail off.
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1.6
,’“Can
1.4
D__,D—-D-—O' N
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1.0
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G .8 EE:%._E—
0
.6 /\‘{8/%
.4
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o 0.042
2 o .025
o 014
‘ 5 .006
1 l
[0} 004 008 012 .06 020 024 028

Cu

Figore 14.—Effect of nozzle height on the flow requirements of the
blowing flap of reference 4; §;=60°, B=10.7 <108,

the data presented in figure 13 are for 0° angle of attack only,
similar results were obtained at 8° and 12° angle of attack.
Figure 14 presents similar results obtained from later wind-
tunnel tests of an F—93 airplane equipped with similar blow-
ing flaps (ref. 4). Here the range of nozzle pressure ratios
used was from subcriticel up to 9.5, and good correlation
of Cp with Cu was again obtained. Thus, it appears that,
for pressure ratios obtainable from turbojet engine bleed-air
gystems, the effects of blowing boundary-layer control on
flap lift are adequately defined by the jet momentum.
Typical effects of blowing on aerodynamic characteris-
ties—Figure 15 (a) presents the tail-off lift, drag, and
pitching-moment characteristics of the airplane with various
flap deflections with and without blowing. The data ob-
tained with blowing were taken at constant values of momen-
tum coefficient which were more than sufficient to provide
attached flow for each flap deflection. It is seen that blow-
ing over the flap produced the type of lift and pitching-
moment increments which would be expected from substan-
tial increases in flap effectiveness. The drag coefficient for
a given flap deflection was increased by blowing. This may
be surprising in view of the fact that blowing over the flap
should reduce the amount of flow separation and hence the
profile drag of the flap. However, it must be remembered
that the total airplane drag is the sum of both profile and
induced drag. Since the total drag was increased by blow-
ing, while the profile drag was decreased, it must be con-
cluded that blowing over the flaps resulted in an increase in
induced drag. The use of & short span, highly effective flap
will usually cause & significant distortion of the wing span
loading and a resulting increase in the induced drag of the
wing. The order of magnitude of this induced drag can be
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(a) Typical asrodypamic characteristics with and witbout blowing.
FIGURE 15.—Effects of blowing over the flaps on tbe aerodynamic characteristics of the airplane; R=7.6X10%,-tail off, ,=0.065 inch.
estimated from the theory of reference 5. It should be noted 40
that this induced drag increment is a function of flap span I n
and is more for small-span flaps than it is for large-span 36 T
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Figure 15.—Continued. Fieure 15.—Continued.
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(d) Variation of pitching-moment coefficient with momentum
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Ficure 15.—Concluded.

this setting would put the nozzle near the minimum-pressure
point on the flap, and this was believed to be near the
optimum location. Subsequent testing to determine the
cffects of nozzle location (see section entitled “Effect of
Nozzle Location’’) indicated that this location was, in fact,
near the optimum. However, the flap lift was relatively
insensitive to nozzle position, and the data presented in
figure 15 are typical of those which would be obtained with
the nozzle located anywhere between the minimum-pressure
point on the flap and the wing-flap juncture.

Figures 15 (b), (c), and (d) present the variation of lift,
drag, and pitching-moment coefficient with momentum
coefficient, As mentioned previously, the momemtum
coeflicient was varied only at uncorrected angles of attack
of 0° 8° and 12°. (The momentum coefficient was not
varied at 12° angle of atteck for flap deflections of 75° and
85° since, with these flap deflections, the wing had already
passed maximum lift.) Figure 15 (b) shows that, as the
momentum coefficient was increased, the lift at first increased
rapidly, but then the rate of increase fell off to a relatively
low value. Static-pressure measurements on the upper
surface of the flap indicated that the initial rapid increase in
lift was associated with the control of the boundary layer on
the flap. The additional lift obtained after the flow was
attached is due to wing circulation induced by the jet flow
over the flap. The data presented in figure 15 (b) indicate
that the momentum coefficient required for a given flap
lift inerement is relatively low when the flap deflection is
large enough so that the desired lift is obtained by using

526697—60——53

blowing primarily for boundary-layer control rather than to
provide jet-induced circulation. It might be noted that the
pitching moment per unit lift due to flap deflection is not
significantly changed by blowing. This is shown in the
following table which was obtained from the data presented
in figures 15 (b) and 15 (d) for 0° uncorrected angle of attack:

Ey 45° 80° 75° 85°

Cr 0 0.006| 0 0.0105| © o8| o 0.0255
ACm 1 _ g | —18 | —20 |—18 | —18 [—17 | —16 |~17
ACL

All of the preceding data were obtained at a Reynolds number
of 7.5X10% Results of this investigation showed no effect
of Reynolds number on the lift increment due to blowing
from B=5.8 to 10X 10".

Results of tests to determine the effects of blowing over
the flaps on static lateral and directional stability indicated
that both were slightly increased. It was also found that
blowing over the flaps increased the aileron effectiveness by
about 25 percent.

Effects of leading-edge slats.—Figures 16 (a) and (b) show
the effects of extending the leading-edge slats on the aero-
dypamic characteristics of the airplane with and without
blowing on the flaps. It is seen that extending the slats
had no significant effect on the flap performance, that is, had
no effect on the lift increment due to blowing or the required
momentum coefficients. The loss in lift at angles of attack
below maximum lift is due primarily to the nose camber
effect of the slats. It should be noted that there is no
nonlinearity in the lift curve such as that obtained with
area-suction flaps in the investigation of reference 6, where
the vortex shed from the slat root spoiled the flow over
a portion of the flap. The leading-edge slats did not provide
a significant increase in maximum lift, although they did
change the type of stall from one that was very abrupt to one
that was relatively gradual. The pitching-moment data
show that, with blowing on, the leading-edge slats did not
provide the stable variation in pitching moment at the stall
that was obtained without blowing.

Effect of horizontal tail—Lift-and pitching-moment data
for the airplane with and without the horizontal tail and
with and without blowing on the flap are shown in figures
17 (a) and (b). It is seen that with the tail on and the
airplane at a constant lift coefficient, blowing over the flap
produced a positive pitching-moment change. This was
caused by an increase in downwash in the vicinity of the
horizontal tail. (The dynamic pressure at the tail was
measured and found equal to free-stream dynamic pressure.)

Effect of nozzle location.—Figure 18 presents lift coefficient
as a function of momentum coefficient for various nozzle loca-~
tions on the flaps which were deflected 60°. The data indicate
that, for the range of nozzle locations available with the flaps
deflected 60°, no appreciable effect of nozzle location was
found at angles of attack of 8° and 12°, which are in the range
of most significance as far as landing and take-off of the
airplane is concerned. Results from similar tests with
the flaps deflected 85° showed that, with the nozzle behind the
minimum pressure point (¢==62.5°), the flow could not be
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Figues 16.—Effects of leading-edge slats on the aerodynamic characteristics of the airplane with blowing over the flaps; 8,=60°, R=7.5{10¢
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tail off, R="7.5X10¢.

attached with the highest value of momentum coefficient
available. In general, these data indicate that, as long as
the nozzle is located between the wing-flap juncture and the
minimum-pressure point on the flap, no significant effect on
flow requirements will be obtained. It should be noted that,
for the case where the nozzle is fixed with respect to the
flap, the nozzle should be positioned approximately at
the location of the minmmum-pressure point on the flap
for the maximum flap deflection contemplated. At lower
flap deflections the nozzle will then be ahead of the minimum-
pressure point on the flap and satisfactory performance
should be obtained. ,

Figure 19 shows similar results obtained from subsequent
tests of this airplane with a blowing flap with the nozzle in
the wing shroud. With this arrangement, it was found that
to obtain the minimum jet momentum requirements, the flap
should be positioned close to the nozzle (within 0.44 inch for
this flap). At this optimum position, the variation of lift
coefficient with momentum coefficient for the shroud blowing
flap compares favorably with that for the plain blowing flap.

Effect of spacers in nozzle.—For this phase of the investi-
gation the nozzle was plugged with rectangular spacers at
regular spanwise intervals to simulate an interrupted nozzle,

that is, several discrete nozzles along the flap span. Data
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for nozzles having various spacer arrangements; 3;=60°, R=
7.5 108 tail off, h,=0.040 inch.

for various nozzle configurations are presented in figure 20.
It is seen that no significant effect was obtained until nozzles
2 inches long separated by l-inch spacers were simulated.
For this arrangement, it was found that the required mo-
mentum coefficient for a given lift coefficient was somewhat
increased.

Comparison with theory.—Usually any large discrepancies
between the lift of o wing and that predicted from inviscid
fluid theory can be attributed to flow separation. Since the
application of boundary-layer control should reduce the
amount of flow separation, it is reasonable to assume that
the lift obtained by the use of boundary-layer control should
approximate that predicted by inviscid fluid theory. Figure
21 shows a comparison of the flap lift increments due to
boundary-layer control obtained in this investigation with
those estimated by the theory of reference 52 The experi-

3 The theoretlcal fiap effectiveness was estimated from ACL= %C‘_al% (equivalent to
¢q. (7), ref. 5)
For the F-80D wing

C'z,'5 =152 (from cross plot of ig. &, ref. §)
-1

do
-d—wno.as (from carve for theoretical flap effectiveness, fig. 8, rel. 5. Average c//e=0.23
perpendicalar to flap hinge line)

ton 5;=c03 As tan 3r=0.595 tan 3,

_058) (L5,
ACE= =5 m0.0184 3,
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Ficure 21.—Comparison of theoretical flap lift increments with those
obtained experimentally on the blowing flap at the point of flow
attachment; e=0°.

mental flap lift increments chosen were those existing when
the flow over the flap first became attached, as indicated by
static-pressure measurements near the flap trailing edge.
The momentum coefficients required to eliminate flow sepa-
ration for each flap deflection are also presented. It may be
seen by referring to figure 15(b) that these momentum coeffi-
cients are in the region where the rate of increase of lift co-
efficient with momentum coefficient falls off to o relatively
low value. This affords an alternative, but oftenless precise,
method of selecting the point of flow attachment. It may be
seen from figure 21 that, for flap deflections up to 60°, the
estimated and experimental flap lift increments are in good
agreement. The discrepancies between the predicted and
experimental values at higher flap deflections are believed
to be due more to the linearizing assumptions utilized in the
theory rather than to an actual deterioration of the flow over
the flap. Even at a flap deflection of 85° the static-pressure
measurements on the flaps indicated that attached flow was

obtained.
FLIGHT TESTS

Aerodynamic characteristics with the 6-3 slatted leading
edge.—Data are presented in figures 22 (a) and (b) for vari-
ous flap deflections with blowing on and off for 100- and 80-
percent engine rpm, and in figure 22 (¢) for 60° flap deflec-
tion and various engine rpm’s. The equations used to deter-
mine Cp and Cp are discussed in appendix A. The data in
figure 22 indicate substantial increases in lift resulting from
the application of blowing at all flap deflections. It will bo
noted that the angle of attack for maximum lift coefficient
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decrenses with the amount of blowing, and with increase in
flap deflection.

Flight tests of the airplane equipped with the standard
38° slotted flap normally used on this airplane gave essen-
tially the same results as those shown for the plain flap
deflected 38° without blowing. The improvement in C
with blowing on the flaps deflected 55° over that obtained
with the 38° flap was from 1.02 to 1.37 at the landing ap-
proach condition (@=11° 80-percent rpm). With the
flaps deflected 66°, there was an increase in Cr,,,. from
1.40 to 1.68 at maximum engine power.

It can be observed from the data in figure 22 that the flap
lift increment due to blowing varies over the angle-of-

811

attack range. It is noteworthy that maximum flap lift
Increment occurs in the angle-of-attack range (10° to 12°)
for the landing approach.

Aerodynamic - characteristics with the standard F-86
leading-edge slats.—The lift and drag characteristics of
the airplane equipped with the standard F-86 leading-
edge slats are shown in figure 23. It is seen that, with
blowing on, opening the leading-edge slats did not provide
any increase in e This same result was obtained in
the wind-tunnel investigation. However, the leading-edge
slats did improve the stalling characteristics of the airplane
considerably. '
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Frgure 22.—Lift, drag, and momentum coefficient curves for various flap deflections; 6-3 slatted leading edge.
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Ficure 23.—Lift and drag curves for the airplane with the standard F—86D leading-edge slats; 80-percent engine speed.

Fig ure 24 shows a comparison between flight and wind-
tunnel results for the flaps deflected 60° and at an angle of | <
attack of 12°. The flight results are presented with the +—
gear up to correspond to the configuration tested in the wind =129 Wind tunnel == P
tunnel. These data show reasonably good correlation L //ﬂ
between the wind-tunnel results and the flight results over L4 e 9
the C, range tested. -

Pilot evaluation of the use of boundary-layer control.— :
A total of 48 flights were made by four Ames pilots, a number y 7
of company test pilots, and service pilots to evaluate the L2 /
airplane with and without boundgry-layer control. In
particular, it was desired to know the effect of BLC on the
landing-approach speeds, take-off characteristics, and flying
qualities,

Approach speeds: The landing-approach speeds chosen by
the NACA pilots for a carrier-type approach at 12,850
pounds, the stalling speeds, and the stalling characteristics ,
are presented in table ITI for the airplane with various ) 004 .008 o1 016 020
leading-edge devices for 55° flap deflection. Included in Cu
the table for comparison are the values for the slotted flap Treurn 24.—Comparison of wind-tunnel and flight results; F-86D
(5,=38°). ‘ slatted leading edge, 5,=60°, gear up.

\
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These data indicate that substantial reductions in ap-
proach speed are realized with the boundary-layer control
operating. For the normal type slatted leading edge, a 12-
kmot reduction in average approach speed over the slotted
flap was obtained, while a 9-knot reduction was obtained
with the 6-3 slatted leading edge. The variation of average
approach speed with gross weight with the 6-3 leading edge
for the 55° flap deflection, blowing on and off, and the slotted
flap is presented in figure 25. These data were computed on
the assumption that the pilot would approach at the same
angle of attack regardless of gross weight.*

18 T 1 T - /K
85238 Slotted flap -/
“BLC off
4 , §r=550
1o
Average landing weight =
o l" - //
g"os ! "~~~ BLC on
9 i
2 / |y
& 4
Sl 1]
4 74
§ |14 //
98 //
A
/
S0
11000 12000 13000 14000 15000 16000 17000

Gross weight, Ib

F1GuRe 25.—Variation of approach speed with gross weight for
various flap deflections; 6-3 slatted leading edge.

The reasons given by the pilots for selecting a minimum
comfortable approach speed changed in most cases from the
ability to arrest a sink rate or to control altitude without
boundary-layer control to proximity to the stall with boun-
dary-layer control on. The relationship between the pilots’
selected approach speeds and the lift curves for the airplane
with the 6-3 slatted leading edge is given in figure 26. These
data indicate that the pilots did not make approaches at the
same angle of attack with blowing on and off. Although the
pilots felt that the ability to control altitude while maintain-
ing a desired approach airspeed was greatly improved with
blowing on, a reduction in angle of attack was necessary to
maintain a safe margin below maximum lift.

Each pilot also made carrier approaches with the flaps
deflected 66°. In this case the increased lift resulted in only
small (1 to 2 knots) reductions in approach speed. The 66°
flap deflection was not felt to be desirable for carrier ap-

4 Beveral pilots commented on the improvement in tuming performance during landing
approach by noting an increass in attainable angle of bank or normal accoleration with blow-
ing on.
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Freure 26.—Relationship of pilot’s selected approach spoeds to lift
curves for various flap deflections; 6-3 slatted leading edge, 80-
percent engine speed, W/S=42.5, §,=>55°.

proaches because of the increased drag causing poorer wave-
off performance.

The foregoing discussion has been concerned with carrier-
type approaches which are made at essentially constant
altitude with power for level flight. For normal field
operation, & sinking-type approach is used at reduced engine
powers. Because engine power has a direct effect on tho
amount of flap lift produced with blowing on, as well as
affecting the steepness of the glide path, the approach speeds
selected in a sinking-type approach will vary, depending on
the amount of power used. The effect of engine power on
flap lift increment is indicated by the data presented in
figure 27 for a 55° flap deflection. The data show a smooth
variation of flap lift with rpm. Figure 28 shows the varia-
tion of selected approach speed with engine rpm for a 55°
flap deflection with boundary-layer control on and off.
These approaches were made at constant power and constant
airspeed with the throttle retarded after the flare (except for
idle condition). Although an appreciable amount of lift duc
to blowing is present even at idle power, the data in figure 28
indicated that if the entire approach is made near idle power,
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Fiaure 28.—Effect of engine speed on approach speed; blowing off
and on, §;=55° 6-3 slatted leading edge, sinking-type approach.

little or no reduction in approach speed would be realized.
It should be noted that for modern jet-powered sircraft,
approaches rarely are made at idle power. With the low
values of L/D characteristic of modern aircraft, it is neces-
sary in the interest of safety to use moderate amounts of
engine power to prevent excessively high sink rates and
provide satisfactory engine response in case of a wave-off.
If idle power approaches are necessary for a particular design,
o larger nozzle gap could be used to provide the required
('w values. There should be incorporated, however, a means
of reducing the flow to avoid unnecessary loss of engine
thrust at higher values of engine power. In order to get the
maximum utilization of the boundary-layer control for a
sinking-type approach, the NACA pilots modified their
approach and used lower power to reduce airspeed and lose

altitude in the early part of the landing pattern, and then
526607—80—b4

increased power in the final approach, with a cut in power
after the flare. Final approach speeds for landings made in
this manner could be as slow as those obtained in the carrier-
type approaches. In an approach where 70-percent rpm was
maintained until the landing flare was initiated, due to
windmilling action, the engine rpm dropped off only to 55
percent at touchdown. For the sinking-type approach,
some pilots preferred a 66° flap deflection since the added
drag permitted higher engine rpm and resulted in improved
engine response and increased lift due to blowing.

In regard to instrument-type landings, several pilots com-
mented that with blowing the airplane was held more easily
at a desired approach speed. This effect is presumably tied
in with the increased slope of the (;—Cp curve with blowing
on which results in smaller drag changes for a given lift
change.

In order to investigate further the action of boundary-
layer control in sinking-type approaches, several GCA
(ground control approach) approaches were made using the
Moffett Field GCA facilities. The pilot’s comments were
as follows: . ‘

“The first approach was made attempting to use the
technique described in the pilot’s handbook (i. e., power
constant at 78 percent, 150 knots, on level portion of final
approach, and upon reaching glide slope, opening speed
brakes which is supposed to result in 500 feet per minute rate
of descent at 150 knots). The flaps were set at 38°, blowing
off. Altitude control was good; however, it seemed rather
difficult to maintain the desired airspeed and a number of
power corrections had to be made. XEven so, rather large

, excursions from the desired airspeed occurred (10 to 15

knots). The second approach was made with 55° flap
deflection with boundary-layer control off. The entire
approach was made at 130 knots which seemed quite com-
fortable. Power required was about 80 percent, speed
brakes were opened upon reaching the glide slope. In
general, it seemed easier to hold close to the desired airspeed.
Altitude control again was good. Two approaches were
then made with the boundary-layer control on. On the
first the flap deflection was left at 55° throughout the
approach and the speed brakes were opened to start the
rate of descent. On the second, 55° flap deflection was used
to the glide slope, at which point the flaps were lowered to
66°, leaving the speed brakes retracted. This latter pro-
cedure seemed the most effective in commencing the 500
feet per minute rate of descent. The desirable approach
speed seemed to be 115 knots which required about 83-per-
cent rpm. Speed control with boundary-layer control on
was excellent. Glide slope corrections were easily made
with little effort, requiring only slight chapges in power.
Once the correct power and rate of descent were established
the airplane seemed to ride down the glide slope as if it were
on a track.”

Other pilots made comments relative to the take-off
characteristics. The fact that additional lift was available
with no change in airplane attitude when the blowing was
turned on was appreciated by some pilots and was felt to
be desirable for instrument-type take-offis. Because of the
high drag above 110 knots, a modified climb-out technique
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was used to get maximum performance (i. e., climb initially
at 100 to 110 knots, then turn the boundary-layer control
off before acceleration to higher speeds).

Flying qualities; The following discussion will cover.those
items on which boundary-layer control had an effect. All
other flying qualities were unaffected by boundary-layer-
control operation.

The longitudinal trim changes due to the operation of the
boundary-layer-control system ou this airplane were con-
sidered to be excessive by the pilots. The measured con-
trol forces are presented in the following table:

Initial trim condition
Longltudl- Configuration| Parameter to
nsl stick change be held
force, Ib | 8peed,| Gear Flaps Power,| BLC constant
knots percent
L] 140 | Down Up 80 oft
‘SIA
3
7 pull 140 | Down | 685°down | 80 Oft | Flaps down | Altitude
18 pull 110 | Down | 55° down 87 Oon BLCon | Altitnde
0 140 Up §5° down | 100 On
15push | Up 55° down 100 oft BLO off | Rateof climb
4push |.______ Up TOp 100 Oft | Flapsup Rate of climb,

Although the trim changes noted in the table are large, it‘

is not felt that the boundary-layer-control operation in itself
would represent a serious trim change problem. It can be
noted that large trim changes were encountered in operation
of the flaps alone and result from the type of force feel system
(irreversible control system with a bungee-fixed spring
gradient picked on the basis of high-speed flight) employed
on this airplane. It is of interest to note that the pitching-
moment change with the application of blowing measured in
the wind tunnel for the F-86D airplane was in an opposite
direction to that measured in flight in the present investiga-
tion. The reagon for this is felt to be due to the difference
in horizontal tail geometry between the two airplanes.

The effect of the boundary-layer control on the stalling
characteristics was dependent somewhat on the type of
leading-edge device employed with it. For the 6-3 slats
and the slotted flap (5,=38°) the stall was characterized by
a mild pitch-up coupled with a lateral unsteadiness which was
controllable. The pitch-up was followed by & pitch-down.
There was no stall warning. The stall in this configuration
was considered satisfactory. With the plain flap deflected
55° and boundary-layer control off, the pitch-up was more
pronounced. Applying boundary-layer control tended to
increase the pitch-up and the stall itself was considered
marginal to unsatisfactory due chiefly to the poor stall re-
covery characteristics. In order to recover from the stall,
large forward stick displacements were necessary and the
associated stick forces were objectionable. The pitch-up at
the stall and the poor stall recovery characteristics were
aggravated by the extreme rearward center-of-gravity loca-
tion (approximately 27 percent) with the 6-3 slats installed.
With the F-86D slats, the stall was considered satisfactory
for all conditions; however, the application of boundary-
layer control tended to reduce the stall warning and render
it marginal to unsatisfactory.
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Operational characteristics: In the evaluation of the
performance of the airplane, actual measurements of landing
and take-off distances, climb, and catapult launching were
not made; but by the use of the lift and drag data obtained
with the 6-3 slatted leading edge and engine thrust data,
computations have been made of the performance. The
methods used for computing performance are contained in
appendix B and are felt to be adequate for comparative pur-
poses.

Landing performance: The landing distance over a 50-
foot obstacle and the ground roll distance were computed

!
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F1aUurE 29.—Variation of landing distance with gross weight for
various flap deflections; 6-3 slatted leading edge, sea lovel.

for the landing configuration using the average approach
speeds selected by the pilots and are presented in figure 29

for flap deflections of 55° and 66°, blowing on and off. For

comparison purposes the computed distances for the normal
38° slotted flap deflection are also presented in figure 29.
These date indicate that a reduction of approximately 30

- percent in total distance would be realized using the 66°

flap deflection with blowing on at an airplane gross weight
of 14,000 pounds.

Take-off performance: In the computations for take-off
and climb, account is taken of the thrust loss incurred as a
result of extracting air from the engine compressor. In order
to operate the engine within the allowable tail-pipe tempera-
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ture when extracting air for boundary-layer control, a re-
duced value of rpm is used. The thrust reduction was ap-
proximately 270 pounds at maximum power.

In considering a catapult type lake-off this reduction in
thrust is not too significant, since take-off acceleration is
provided principally by the catapult itself. It is required,
however, that sufficient engine thrust be available to acceler-
ate the airplane after launch with a minimum longitudinal
acceleration of approximately 0.065g.° Lift-off speed is se-
lected as the speed at nine-tenths of (. or at the maxi-
mum ground attitude. The results of computations of the
take-off speeds at the end of the catapult run as a function
of gross weight for various flap deflections with blowing on
and off are presented in figure 30. Indicated in this figure
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Fiaure 31.—Variation of take-off distance with gross weight for

various flap deflections; blowing on and off, 6-3 slatted leading
edge, sea level.

| | | l | Operational
8¢ = 45° pressure limit |
______ 8y 2 55° for H8 cotapultl-,-
—— — 37 =66° /
osf ____ Sr = 38° slotted flap /;/, 7
Catapult end speed Ilmit-] ::/r{ K
104 Vé/ e
g Y 4
£ 7 /
a 7 7
g A /// /
o ,// 4 ,/
3 t/ Va4
|: 96 // // //
rl/ 7
A v /
4/ V%
£l oy 4
| Wi
92 // //,/ /
4 /]
BLC off ¢ /4 Ve
V7
v
88 444
V4%
‘///
BLC on |
84
11000 12000 13000 14000 15000 16000 . 17000

Gross weight, 1b
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small improvements in total distance over 2 50-foot obstacle
with blowing on for the 45° flap deflection compared with
the standard 38° slotted flap. The take-off performance was
computed with the maximum possible C, svailable. Reduc-
ing the air flow to the flaps to reduce the thrust loss and thus
operate at a lower C, made a further improvement in the
take-off performance. By waiting until take-off speed is
reached before turning on the boundary-layer control, a
further reduction of 6 percent would be realized.

Climb characteristics: The rate of climb after a catapult
take-off (at & speed of 1.05 V) is presented as & function of

are the HS8-catapult characteristics. The results indicate
significant improvements in performance with blowing on.
Compared to the 38° deflection of the slotted flap, the 66°
deflection of the flap with boundary-layer control would
allow an 8-knot reduction in catapult take-off speed at a
gross weight of 16,000 pounds. At this gross weight the
longitudinal acceleration would be approximately 0.15g.
With regard to a jfield take-off, the assumption is made that
the airplane accelerates on the ground in a level attitude,
and at take-off speed the airplane is rotated to the angle of
attack corresponding to a velocity of 1.2 V,. For the transi-
tion distance, it is assumed that the airplane is in a steady
rate of climb at the value for the 50-foot-height point. The
results of the computations presented in figure 31 indicate

§ Assumed minimum aceeleration value used to assure that the airplano does not sink after
launch,

gross weight in figure 32. Although the rate of climb is
reduced when blowing is used, it should be kept in mind that
because of the lower stalling speed it is possible to ciimb at
8 lower airspeed with blowing on so that there is no significant
change in climb angle.

SUMMARY OF RESULTS AND CONCLUSIONS

The following conclusions are based on wind-tunnel and
flight investigations of F-86 type aircraft with blowing
boundary-layer control on the trailing-edge flaps:

1. Correlation of flap lift with jet momentum coeflicient
was good for the range of pressure ratios obtainable from
turbojet engine bleed air systems.

2. The lift increment obtained by preventing flow separa-
tion on the flap can be predicted up to 60° flap deflection
by the linear inviscid fluid theory of NACA. Rep. 1071.
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Figure 32—Variation of rate of climb with gross weight for various
flap deflections with blowing on and off, wave-off speed=1.057,,
6-3 leading edge, sea level.

3. Higher lift increments than those obtained by pre-
venting flow separation on the flaps can be achieved by
further increasing the momentum coefficient to values above
that required to prevent flow separation. However, once
the flow is attached to the flap, large values of momentum
coefficient are required to increase the lift significantly.

4. Lateral stability was increased slightly by blowing
over the flaps, and the maximum roll power of the ailerons
was increased by about 25 percent.

5. When the blowing nozzle was located in the upper
surface of the flap, it was found that the chordwise position
of the nozzle could be anywhere between the minimum

REPORT 1369—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

pressure point on the flap and the wing-flap juncture without
geriously affecting the flap lift. If the nozzle is located too
far downstream of the minimum pressure point, large losses
in flap lift may result.

6. When the blowing nozzle was located in the wing
shroud ahead of the flap, it was necessary to position the
flap close to the nozzle to obtain the same lift coefficients at
low momentum coefficients as those for the plain-blowing-
flap configuration.

7. The blowing flap lift is relatively insensitive to spacers
or structural members in the nozzle throat. It is also
insensitive to flow disturbances such as those caused by
leading-edge slats.

8. Blowing with the flaps deflected 55° reduced the aver-
age approach speed by as much as 12 knots in a carrier-type
approach compared to the slotted flap deflected 38°. In
sinking-type approaches smaller reductions in speed were
realized.

9. Blowing with the flaps deflected 66° reduced the cal-
culated landing distance by 30 percent compared to the
standard 38° slotted flap. In takeoff performance calcula-
tions, the catapult end speed required at a given gross
weight was reduced by 8 knots due to blowing. For a field-
type takeoff the gains calculated were relatively small.

10. Improvements were noted by the pilots in control of
the glide path with blowing on. Improvements were noted
also in take-off since the airplane would tend to fly off

_without as much rotation in attitude required.

11. The longitudinal trim changes due to flap deflection
and application of blowing were considered excessive by the
pilots.

12. In some cases the stalling characteristics were made
less desirable with blowing on.

AMES AERONAUTICAL LLABORATORY
NaTioNAL ApvisorY COMMITTEE FOR ABRONAUTICS
Morrerr Fieup, Cauir., April 80, 1968



APPENDIX A
EQUATIONS USED FOR DETERMINING LIFT AND DRAG

The equations used to determine the lift coefficients and | where B
drag coefficients are as follows: 2_7 airplane wing loading, Ibaq £t
0L=E (4, cos a+4, sin a) —L (F,sin @) g  dynamic pressure, Ib/sq ft
qS S : :
g " A, normal acceleration factor, g units
4, longitudinal acceleration factor, g units
(A sin a—A4, cos a)+ (F e co8 a—wV) @ angle of attack, deg
w  engine air flow, Ib sec/ft
V' free-stream velocity, {t/sec
Fg engine gross thrust, 1b
APPENDIX B
METHODS USED FOR PERFORMANCE EVALUATION
The following equations and assumptions were used in | and
computing the performance: T  thrust at 100-percent engine speed
Landing distance: sV ALsON L q P (O 7V r0)?
Air distance=(LM_Z—) 7 b w au‘plane gross weight in pounds
e«  angle of attack at ;. or at maximum ground angle
(ref. 7, p. 198) where Vy is pilots’ average approach speed | ,  0.02
and the landing velocity

VL=105V,
Vi L
| Ground run-—64.4[ﬂ_ %) loge (ﬁ) u, Tt
and p=0.4 (vef. 8, p. 312).
Take-off distance:

WV ot

Ground run=64 A T—y W—8q(Co—uCn)]’ fe

(from ref. 7, pp. 195-196)

Air distance: 50W

Popt e )
(ref. 9, p. 51) where take-off velocity

T TO— 1 2Va

\/843 (W—T sin a)
50,

th

s Tt/sec

(The assumption is made that steady climb bas been attained
before reaching the 50 foot height.) -

Catapult end speed:

SO’Lm
where
GLm 0.90[, maz
aro angle of attack at Cr,,
Climb:
Rate of climb=ﬂﬂ%z7ﬂ, ft/sec
where
V. 1.05V,, ft/sec
T thrust at climb power
D drag at V,
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Dis- Ordinate Dis- | Ordinate
tanco tance
from {from
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TABLE II.—DIMENSIONS OF TEST AIRPLANE

W
ll]'%.ot.al aren, sq ft Ewith F-88D- et(ﬂ:a slats) .......... P, 287.9
Total area, 8q ft (with extend 302
R [3)47: 1 B (S S .. 37,12
Aspectratlo ... fomonamnn 4.70
‘Taper ratio . 061
Mean aerodynamlo chord (wing station 68.7 in.), fi. 8.1
Dihedral angle, €.« ccoconcemmacecimarirmemcaeaeay 3.0
Sweepback of 0.25-chord 1Ine, deg . cccm oo mcrccaceae e ar e cvrrmaraemac e 35,23
Geometric twist, deg . oo a e ciicemnaccessaicemavumnaeeenean 2.0
. Root airfoll sectlon (normal to 0.25-chord line). modified
Tip airfoll section (normal to 0.25-chord line)...... m
TWing area affected by flap, 8q .. oo o eiaae i aiicmrarccmauna—. 116,
L ”
'otal area, 5q ft... e e e m e mceesmacmnemmaaeeava~vemsara 3
Aspeotn- 00 iz 8;
ratio._ -
Tn 2 1 P 0.46
edral angle, A0 o ooee oo coeceammcacascmesaasereemcaememerenve—ae 10.0
aerodynamlc chord (horizontal-tail station 33.54 in.), ft. L 29
Swee bauk 0f 0.26-chord 1N oo oo e aecndem i mec s amana 34. 68
Alfrfoll section (parallel to CONLEr 1M8) . oo oooeiomemeannnn NAOX 0010-04
Vertical tall
Total area, sq 1t
Span, ft
’i‘A:pect ratio
Sweepback of 0.25-chord line, deg.
ft.
%%an(tmmlsuow&percmtsemlspan), ft
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TABLE III.—PILOTS’ OBSERVED STALLING AND APPROACH CHARACTERISTICS

FOR VARIOUS FLAP AND LEADING-EDGE DEVICES

Configuration Stall Carrler am;roach
12,850 Ib
Pilot
ng Fla BLO ElIlni_dh::ated Groﬁ Characteristics ’glirdjcated Reason for limiting
Lead P we speed, approach
edge kmots B knots
6-3 glat 38° slotted None 89 12,750 | Warning: Unsatisfactory 105 Inadequate longitudinal control
Stall: No comment and visibility
6-3 slat 56° On 86 12, 630 anlﬁ' None—unsatisfactory 95 Proxmity to stall, inadequate
Stall; Marginal—satisfactory altitude control
6-3 slat 55° oft 80 12,720 | Warning: None—unsatisfactory 103 Proximity to stall, inad to
Stall: Mgarg'lnal—sau.sfaotory altitude eonu-ol and vﬁgamty
A F~88D slat | 38° slotted None ] 14.200 | Warning: Satisfactory 106 Inadequate longitudinal control
Stall: Satisfactory and visibility
‘Warning: 93 knotg, less than with
F-88D slat 55° On 88 12, 860 8&]{;0 off 8 Proximity to stall
F-86D slat 55° oft 12,860 | Warning: 103 kmots, satisfactory m Inadequate longitndinal control
Stall: Satisfactory , and ability to arrest aink
6-3 slat 38° slotted None 00 | 12,470 | Mid pitch-up with roll-off 103-108 | Proximity to pitch-up and roll-off
Wamlng* Unsatisfactory
Stall: Marginal, stall recovery
6-3 slat 55° On 86-88 12, 860 unsatisfactory, mild pitch-up 93-98 Proximity to pitch-up
with lateral mst;abﬂlty at OLmax
B 6-3 slat 55° of 93 12, 860 d Unsat!sfactory 08-103 Proximity to pitch-,
% St:l?ﬁrgmﬂ, satisfactory by to . P
F-86D slat | 35° slotted None 12,860 | Warning: Satisfactory 108 Ability to arrest rate of sink
Stall: Batisfactary visibility '
F-86D slat 55 On 88 12,860 | Warning: 91 kuots, satisfactory 08-98 Ablility to control rate of sink
Stall; Satisfactory i
W : 98 knots; very mild;
F-88D slat 55° oft 92 12, 860 mcwry i " | 108-113 | Abnity to control rate of sink
Stall: Satisfactory
Smooth to 100 knots; m{fxw to left
6-3 slat 38° slotted Nons 92 13, 310 at 98 knots and 108 Ingmﬁte altitnde control and
at 94 kmots ty to stall
‘Warning: Unsatisfactory
6-3 slat 55° On 86 12,860 | Stall: Unsatisfactory due to 97 Proximity to pitch-up
(o] R pitch-up
6 3 zlat 85° oft 2 | 12,880 W nsgatisfactory 110 Ab{lity to arrest rate of sink
% arghml dus to pitch-up
F-86D slat 38° slotted { None 3 14,300 | Warning: Satisfactory 110 Abllity to control rate of sink
Stall: Satisfactory ~
F-88D slat 55° On 88 12,860 | Stall: Satisfactory 68-100 Proximity to stall
F-868D slat 55° oft .92 12,860 | Stall: Satisfactory 110-113 | Abflity to control altitude
Warning: 08 knots, unsatisfactory,
F-86D slat 58° on 00 12, 860 tgﬁ?t pitch-up ! a8 Inadequate altitude control
D _ Batisfactory
F-86D slat 55° off 96 13,660 | Warning: 99 kmots, unsatisfactory 108 Slow 1 tudinal control of flight
5 Stall: No comment pathm\:gihmty fllg
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